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A single-injection protein kinase A-directed 
antisense treatment to inhibit tumour growth 
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Expression of the Rl« subunit of cAMP-dependent protein kinase type I is enhanced in 
human cancer cell lines, in primary tumours, in cells after transformation and in cells 
upon stimulation of growth- We have investigated the effect of sequence-specific Inhi- 
bition of Rl. gene expression on in vivo tumour growth. We report that single infection 
Rl. antisense treatment results in a reduction in Rl. expression and inhibition of tumour 
growth. Tumour cells behaved like untransformed cells by making less protein kinase 
type I. The Rl. antisense, which produces a biochemical imprint fm growt(i control, re- 
quires Infrequent dosing to halt neoplastic growth in vivo. 



Standard cytotoxic chemotherapy for cancer is usually accom- 
panied by systemic toxicity. The ratio of the toxic dose to the 
therapeutic dose is relatively low, reflecting the large number 
of cellular targets affected by tiie chemotherapeutic agent. In 
principle, because of the specificity of Watson-Crick base pair- 
ing, an antisense oligonucleotide targeted at a gene involved 
in the neoplastic cell growth should interfere only with that 
gene's expression, resulting in arrest of cancer cell growth. 

Enhanced expression of the Ri^ subunit of cAMP-dependent 
protein kinase (PKA)* has been shown in human cancer cell 
lines and In primary tumours, as compared with normal coun- 
terparts, in cells after transformation with the Ki-ras oncogene 
or transforming growth factor-a, and upon stimulation of ceil 
growth with granulocyte-macrophage colony-stimulating fac- 
tor (GM-CSF) or phorbol esters". Conversely, a decrease in the 
expression of RI„ correlates with growth inhibition induced by 
site-selective cAMP analogues in a broad spectrum of human 
cancer cell lines'. 

There are two types of PKA, type I (PKA-I) and type 11 (PKA- 
11), which share a common C subunit but contain distinct R 
subunits, RI and RII, respectively*. Through biochemical stud- 
ies and gene cloning, four isoforms of the R subunits, RI^ RI^ 
RII, and Rll^, have been identified'*. Three distinct C subunits, 
(ref. 7), q, (refs 8, 9) and C, (ref, 10) have also been identi- 
fied; however, preferential coexpression of one of these C sub- 
units witii any of the R subunits has not been found*-'". The R 
isoforms differ in tissue distribution" " and in biochemical 
properties^". The two general isoforms of the R subunit also 
differ in their subcellular localization. Rf is found throughout 
the cytoplasm, whereas Rll localizes to nuclei, nucleoli, Golgi 
apparatus and the miaotubule-organizing center" '*-". The ex- 
pression of RI/PKA-I and RH/PKA-Q has an inverse relation- 
ship during ontogenic development and cell differentiation". 
However, the significance of the presence of these two iso- 
forms of PKA in the biological functions of cAMP has not 
been determined. 

We hypothesize that the RI„ is an ontogenic growth-inducing 
protein and that its constitutive expression disrupts normal 



ontogenic processes, resulting in a pathogenic outgrowth, such 
as malignancy. The two general classes of PKA R subunits, Rl 
and Rll, have conserved amino add sequerices at the carboxyl 
terminus but differ significantly at the amino terminus'*. An 
RT^ antisense phosphorothioate oligodeoxynucleotide corre- 
sponding to the N-tenninal 8-13 codons of RI„ was con- 
strurted {Rl„ antisense). V^e then investigated the effect of 
sequence-specific inhibition of RI^ gene expression on in vivo 
tumour growth. 

Results 

Inhibition of tumour growth 

A single subcutaneous (s.c) injection into nude mice bearing 
LS-174T human colon carcinoma with RI^ antisense resulted in 
almost complete suppression of tumour growth for 7 days as 
assessed either by tumour volume (Fig. la) or by tumour 
weight (Fig. lb). There was no apparent sign of toxicity as eval- 
uated by hematocrit levels, body weight and food intake. Even 
after 14 days, tumour growth was significantiy inhibited in the 
antisense-treated animals (Fig. lb). In contrast, tumours in 
saline-treated animals showed continued growth (Fig. 1), and 
tumours in untreated or control antisense-treated animals 
grew at a rate similar to those in saline-treated animals. The re- 
sults of tumour growth inhibition were confirmed with three 
additional RI, antisense constructs (each of the Zl-base poly- 
mers directed to codons 1-7, 14-20 and 94-100, respectively, 
of human RIJ, which previously have been shown to inhibit 
growth in a variety of human cancer cell lines" ". 

We also did experiments using tiie RI, 8-13 codon antisense 
two-base-pair-mismatched oligonucleotide (5'-GCG-CGC- 
CTC-GTC-GCT-GGC-3') to substantiate further the specificity 
of the antisense oligonucleotide. The data revealed that anti- 
sense mismatched oligonucleotide was unable to inhibit tu- 
mour growth. (The average tumour weights (in milUgrams) 
±s.d. at 12 days post-treatment for mismatched oligonu- 
cleotide, scrambled oligonucleotide, and antisense oligonu- 
cleotide were 1533 ± 250 (w = 5), 1490 ±305 (/i = 5), and 
439 ± 88 (n = 5), respectively.) 
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The LS-174T human colon carcinoma in this model behaved 
in a very aggressive manner. Within a week after tumour cell 
inoculation, a palpable tumour mass was formed, and there- 
after tumours often killed host animals in 4-5 weeks. The re- 
sults of these experiments provide dear evidence that the Rl„ 
antisense phosphorothioate oligbdeoxynucleotide has signifi- 
cant antitumour activity in an in vivo model system, where tu- 
mour growth was arrested for up to 14 days of observation 
. after a single dose of antisense. 

The human RI„ antisense (directed to 8-13 codons of human 
RU also inhibited proliferation of the c-ros^'^-transformed 
mouse fibroblast cell line (K. Nbguchi and Y.S.C.-C., unpub- 
. lished results); The conuol antisense had no effect on the 
growth of the transformed fibroblasts; The human and mouse 
Rl« 8-13 codons contain one mismatched nucleotide at the 5' 
end followed by a stretch of 10 nucleotides that are 100% ho- 
mologous and contain four mismatches at the 3' end'^". Al- 
though the human RI„ 8-13 codons are nqt 100% homologous 
with the corresponding codons of the mouse Rl„, the antisense 
directed, to this huinan sequence was apparently able to hy- 
bridize with the mouse RI. mRNA, inducing growth inhibi- 
tion. Thus, the lack of systemic toxicity in the Rl„ 
antisense-treated animals was not due to the inability of the 
Rl„ an tisense to aoss-react with the mouse Rl„ gene. 

Downregulatlon of Rf, 

examined whether the RI„ antisense could specifically de- 
crease the amount of Rl„ subunit in tumours (Fig. 2). At 0, 16 
and 24 hours, 2, 3, 5 and 7 days after the single iri jection of 
Rl« antisense, the animals were killed, and tumours were 
analysed for the amount they contained of each of the R sub- 
units of PKA. Tumour extracts were photbaffinity labelled 
with 8-N3-["PjcAMP and then immunoprecipitated with the 
monospecific antibodies anti-RI„, -RII, and -Rllp (kindly pro- 
vided by S.D. Park, Seoul National University, Seoul, South 
Korea), and tiie immunoprecipitated proteins were resolved 



by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)"*. The 
Rl„ levels in tumours from the antisense-treated animals were 
markedly decreased within 24 hours and remained at low lev- 
els (10-20% of that in tumours from saline-treated animals) 
for up to 2^3 days (Fig. 2). Specific targeting.of Rl„ by the anti- 
sense is evident since Rll^ levels remaihed unchanged (Fig. 2). 
At 5-7 days post-antisense treatinent, the Rl^ levels in tu- 
mours were elevated to levels similar to those in tumours 
from saline-injected anirnals (Fig. 2). At day 3 after antisense 
treatment, tumours that contained unreduced amounts of RI. 
contained a new species of R, Rli^, along with a reduced 
amount of Rll„ (Fig. 2). The increase in RIIp expression was 
also found in tumours that contained, decreased levels of Rl„ 
without reduction in RII^ content (data not shown). Rli^ ap- 
peared 24 hours to 3 days post-antisense treatment but was 
not detected in control tumiours (saline or control antisense- 
treated). These data show that the antisense-targeted suppres- 
sion of Rl„ brought about a compensatpiy increase in Rllp 
levels. Similar observations were made previously in cultured 
cancer cell lines upon treatment with RI« antisense*'". 

Imiriunoprecipitated Rl. and Rll^ show a doublet, a major 
fast mobility band and a minor slow mobility one (Fiig. 2). The 
doublets were specific bands because the addition of 1 , 000-fold 
excess cold cAMP added in the experiments using photoaffin- 
ity labelling with immunopredpitatipn resulted in the disap- 
pearance of both bands. The slovy mobility band of the Rl„ 
doublet may be RI^, which is highly homologous with Rl^ but 
has a higher molecular weight than RI„ (ref. 12) and that the 
Rllp doublet may represent the autophosphorylated form of 
Rllp (ref. 21). 

Elimination of PKA-I with induction of PKA-llp 

Upon antisense treatment, the level of Rl„, after its initial sup- 
pression for a few days, subsequently increased in tumours 
(Fig. 2). In ceils, RI„ can exist either in its subunit fonn or in the 
form of the PKA-I holoenzyme. As the Rl„ subunit can act as a 
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Rg. 1 Inhibition of in vivo tumour growth by a single dose of Ri. antisense. o. Tumour volume obtained from daily 
measurement b. Tumour weight at the time mice were killed. Data represent means ± $.d. of 8-32 tumours in a; 
mean ± $.d. of 8 tumours in b. These data were obtained from four separate experiments where each experiment 
used 24 mice. 
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cAMP sink, RI^ in the holoenzyme complex may be of func- 
tional importance. We therefore examined whether RI„ anti- 
sense could influence the PKA Isozyme distribution in 
tumours. We subjected tumour extracts to dlethylaminoethyl 
(DEAE) ion-exchange chromatography, and fractions were as- 
sayed for PKA activity and cAMP-binding activity. Saline- 
treated control tumoun showed two major peaks of PKA 
activity that were coincident with peaks of cAMP-binding ac- 
ti\1ty. PKA-I elated between 50 and 100 mM NaCl, whereas 
PKA-11 eluted between 220 and 300 mM NaCI (Fig. 3, 24 hours 
post saline injection). In addition, there were two minor cAMP- 
binding peaks with no PKA activity cluted at 130 and 330 mM 
NaCl, respectively (Fig. 3). These were identified as RI„ and Rn„ 
subunits, respectively, by photoaffmity labelling with 8-N,- 
f^PJcAMP (Fig. 4). Control tumours (24 hours to 7 days post 
saline injection or control antisense treatment) contained PKA- 
i and PKA-II in a 1:2 ratio (Fig. 3). The antisense treatment 
completely eliminated PKA-I, the RI„-containihg holoenzyme, 
and the RI„ subunit> from tumours within 24 hours (Fig. 3). 
This downregulation of PKA-I lasted for up to 5-7 days post- 
ant isense treatment (Fig. 3) even when the RI„ levels increased 
until they reached the levels of control tumours (Figs. 2 and 3), 
This indicates that the RI„ that increased subsequently to its 
initial suppression after antiseinse treatment was mostly pre- 
sent in its subunit form rather than in its holoenzyrrie form, 
PKA-1. 

F^rlier reports demonstrated that brain and heart PKA-Il 
eluted at slightly different salt concentrations from DEAE cellu- 



lose columns*. The brain contains high levels of RIIp, whereas 
the heart expresses the Rli„ isoform. Heterogeneity of PKA-II 
has been reported and was attributed to either RlljC ttimer for- 
mation" or a RlIiQ tetramer with nonsaturating amounts of 
bound cAMP". Otten etal''' identified three peaks of PKA-II in 
ros-transformed NIH3T3 (R3T3) cells overexpresslng either 
mouse Rll„ or rat RII^; the first and third peaks of PKA-II were 
associated with RIlp and Rll^, respectively, and the second peak 
contained a mixture of RII„ and RIl^. Retroviral vector-medi- 
ated overexpression of the human RII„ or RII^ gene in LS-174T 
colon carcinoma cells has also shown three peaks of PKA-II; 
the first PKA-II is associated with RIlp, and the second and 
third peaks contain raairlly RIl/'. 

Concomitant with the suppression of PKA-I, the antisense 
brought about changes in the PKA-II profile of tumours. The 
coritrol tumours contained PKA-II with its main peak eluted at 
260 mM NaCI (Fig. 3). Within 24 hours after antisense treat- 
ment, PKA-II with Its peak eluted at 220 mM NaCI appeared 
prominently (Fig. 3). This altered PKA-II profile persisted in tu- 
mours for up to 2-3 days after antisense treatment, but by day 
5, the PKA-II profile became similar to that of control tumours 
(Fig. 3). Photbaffinity labelling of the R subunits from tumours 
24 hours after antisense treatment with 8-N,-("P]cAMP 
showed the presence of RIIp only in fractions 33-37 (Figs 3 
and 4). Immunopreclpitation of the R subunits confirmed 
their identity by photoaffinity labelling. Thus, PKA-II eluted at 
220 ihM NaCI (Fig. 3) was PKA-II^. RII^ and PKA-II^ were de- 
tected in 50% of the tumours analysed 24 hours to 3 days after 
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Fig. 2 Suppression of Rl„ levels in tumours by a single dose of Rl« antisense. The R subunit levels in tumours were determined by photoaffinity la- 
belling followed by immunoprecipitation. Cels in a and b represent one of four separate experinients that gave similar results, c. Quantification 
of Rl, levels by denatometric tracings of autoradiographs (o and b): the data represent relative average values ± s.d. of four experiments. 
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mours 24 hours to 3 days after antisense treat- 
ment but were never observed in control tu- 
mours (saline or control antisense treated). Thus, 
the antisense treatment triggered RI^ downregu- 
lation as well as R suburiit proteolysis, though 
the mechanism of these actions is not yet clear. 

Discussion 

We have demonstrated that a single injection of 
Rl„ antisense resulted in an acute reduction in 
Ri^ expression and a sustained inhibition of tu- 
mour growth. This antisense-inhibition of tu- 
mpur growth was confirmed by the use of four, 
distinct antisense constructs corresponding to 
the different N-terminaJ regions of RI^ codons. 
The growth inhibition niay have been due to ac- 
tions other than the blockage of RI„ expression, 
as norispecific binding of the oligonucleotide or 
its degradation products to biological targets has 
been shown". As discussed below, however, our 
data show that the antisense-inhibition of RI^ 
expression and modulation of protein kinase A 
isozymes are cieariy related to the inhibition of 
tumour growth. Thus, at most nonspecific bind- 
ing of oligonucleotide probably played a mini- 
mal role in the observed grbyvth inhibitidti. 

In vivo pharrnacokinetics studies in rodents 
showed a single intravenous dose of phospho- 
i-othioate oligodeoxynucleotide leaves the vascu- 
lar space after 2-3 hours (phase a = 15-25 
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Fig. 3 PKA-I dpwnregulation by a single dose of Rl^ antisense; PKA activity in the ab- 
sence (O) or presence (•) of 5 jiM cAMP and cAMP-binding activity (A) was measured 
in DEAE column eluents. Each chromatpgraph was repeated 3 or 4 times and yielded 
similar elution profiles. 



antisense treatment but were not detected in control tumours 
(saline injection or control antisense treatment). Tliese data 
suggest that the C subunits of PKA in tumours are in equilib- 
rium between PKA-I and PKA-il and that deprivation of Rl« 
and PKA-I by the antisense led to an .increase in PKA-II 
through the irtduction of PKA-llp. 

Increase of R subunit prote lysis 

The Rllp expression in these tumours was accompanied by an 
inaease in a low-molecular-weight R species, probably the 
proteolytically degraded R subunits**" (Fig. 4). This apparent 
inaease in R proteolysis was not an experimental artifact of 
tumour homogenization, because the homogenization buffer 
contained a cocktail of protease inhibitors. Furthermore, the 
low-molecular-weight R species were frequently detected in tu- 



min), and its elimination from the body, which 
is almost completely urinary, requires 72 hours 
(phase p = 20-40 hours)''. Our results are in 
accordance with such pharmacokinetics of 
oiigonucl^tide and show a single s.c. dose of Rl, 
antisense produces an acute reduction in RI„ (f,/^ 
RI„ = 31 hours (ref. 31)) content within 24 hours, 
and thereafter for 2-3 days. Tliis reduction in Rl„ 
triggered a compensatory increase in RIl^ and an 
ejimination of PKA-I activity. 

The downregulation of PKA-l lasted for several 
days even after the RI„ suppression ceased, sug- 
gesting that RI„ may be functionally different, 
because it no longer formed the holoenzyme, 
PKA-l. We speculate this may be due to the fol- 
lowing: (1) once Rl„ is downregulated, the free C 
subunits complex with all of the available RI1„ 
subunits to form PKA-II,; (2) the remaining free C subunits trig- 
ger the synthesis of RIIp and form PKAAl^ (^) RII has a greater 
half-life than RI (RU, t,^^ 125 hours; RI, = 31 hours (ref. 31)); 
therefore, once RII is synthesized, it remains in the cell for a 
longer time and favours complex formation with the C subunit 
as compared with RI; (4) the subsequently formed RI^ after its 
initial suppression (due to the antisense), can no longer form 
PKA-I holoenzyme in the presence of the increased amount of 
PKA-Il, which is favoured over PKA-I in its holoenzyme forma- 
tion*; and (5) RI may be degraded and cannot form PKA-l. Al- 
though the exact mechanisms of action await future studies, 
our results showed that the antisense produced a biochemical 
imprint in tumour cells. The cells behaved like untransformed 
cells by making less PKA-I than PKA-II. This may be the basis 
for the suppression of tumour growth. 
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Fig. 4 PKA R subunit dis- 
tribution in DEAE column 
fractions of tunnours from 
the antisense- and saline- 
treated animals- The R 
subunit isoforms in DEAE 
column eluents (Fig. 3) 
were measured by pho- 
toaffinity labelling with 
8-N,-["P]cAMP and 
SDS-PACE", The data 
represent one of four 
separate experiments 
that gave similar results. 



We have demonstrated that a single dose of Ri„ antisense 
triggered the suppression of RI„ that preceded tumour growth 
inhibition. Importantly, the growth inhibition persisted, even 
after RI, suppression ceased, as long as PKA-I (the RI„-contain. 
hig holoenzyme) downregulation was present: The single- 
injection antisense heatment introduced a programming in 
growth control in tumour cells, and thus was sufficient to pro- 
duce a sustained inhibition of growth. This unexpected finding 
has a great impact on the applicaHon of antisense oUgonu- 
cleotides as therapeutic agents, especially in terms of potency, 
. targeting and cost Our results suggest that an antisense lilce RI^ 
antisense, which is capable of producing a biochemical imprint 
for growth control in tumour cells, may require relatively infre- 
quent repetitive dosing to maintain its Inhibitory effect toward 
tumoiu growth in vivo. 

Methods 

TunrK>ur growth and antisense treatment. LS-1 74T human colon 
carcinoma cells (1 x 10* cells) were inoculated s.c into the (eft flank 
of athymic mice. The Rl, antisense phosphorothioate oligodeoxynu- 
cleotide (corresponding to the Rl„ NH,-terminus 8t-13 codons (Rl, 
antisense) (5'-GCC.TCC^C-CTC-ACT-CCC-3')) and control anti^ 
sense (the same t>ase composition as the Rl. antisense with the se- 
quence jumbled) were kindly provided by T. Ceiser (Lynx 
Therapeutia, Hayward, Califomia). A single dose of Rl, antisense 
or control antisense (1 mg per 0.1 ml saline per mouse) or saline ' 
(O.l ml per mouse) was injected s.c into the right flank of mice 
when tumour size reached 80-100 mg, 1 week after cell inoculation- 
Tumour volumes were obtained from daily measurement of the 
longest and shortest diameters and calculation by the fonnula, 
4/3^^ where r= (length + width)/4. At each indicated Ume, two an- 
imals from the control and antisense-treated groups were killed, and 
tumours were removed, weighed, immediately frozen in liquid N, 
and kept frozen at -80 'C until used. 



Photoaffinlty labelling followed by Immunopreclpltation of R 
subunfts. The tumours were homogenized with a Teflon/glass 
homogenizer in ice-cold buffer 10 (Tris-HCI, pH 7.4, 20 mM; Nad, 
100 mM; NP-40, 1%; sodium deoxycholate, 0.5%; MgO^ 5 mM; 
pepstatin, 0.1 hiM; antipain, 0.1 mM; chymostatin, 0.1 mM; leu- 
peptin, 0.2 mM; aprotinin, 0.4 mg ml *; and soybean trypsin in- 
hibitor, 0.5 mg ml*; filtered through a 0.45-^m pore size 
riiembrane), and centrifuged for 5 min in an Eppendorf microfuge at 
4 "C. The supematants were used as tumour extracts. 

The amount of R subunits of PKA in tumours was determined by 
photoaffinity labelling with 8*N,-("P]cAMP followed by immunopre- 
cipitation with the R antibodies as previously described**. 
DEAE-cellulose column chromatography. Extracts (10 mg protein) 
of tumours from antisense-, control antisense- or saline-treated ani- 
mals were loaded onto DEAE cellulose columns (1 x 10 cm) and 
fractionated with a linear salt gradient*'. PKA activity was deter- 
mined in the absence or presence of 5 fiM cAMP", cAMP-binding 
activity was measured by the method described previously and ex- 
pressed as the specific binding^. 
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